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Abstract
Background
Clinical and animal studies have found that anxiety and depression are significantly more
common after acute myocardial infarction (AMI). The medial prefrontal cortex (PFC) has a
dual role: in higher brain functions and in cardiovascular control, making it a logical candi-
date for explaining the perceived bidirectional heart-brain connection. We used parallel
Electrocardiography (ECG) and Electrocorticography (ECoG) registration to investigate
AMI-induced changes in medial PFC bioelectrical activity in a rat model of AMI.
Materials and methods
Adult male Wistar albino rats were used in the study. Gold-plated recording electrodes were
implanted over the frontal cortex for ECoG recording. ECG was recorded via two holter elec-
trodes attached on the skin of the back fixed in place by a jacket. Induction of AMI was per-
formed by isoprenaline (150 mg/kg, i.p.). ECoG and ECG signals were registered at
baseline, during 3 hours after isoprenaline administration and at 24 hours after isoprenaline
administration.
Results
Significant increases of theta, alpha, and beta electroencephalographic (EEG) band power
were observed in different time intervals after isoprenaline administration. Significant
increase of theta band peak frequency was also observed during the first hour after isopren-
aline administration. No statistically significant differences in band-power activity were
found between the pre-isoprenaline measurements and 24 hours after administration.
Conclusion
Our results demonstrate significant increases in EEG band power of alpha beta and theta
bands during isoprenaline-induced AMI model. These are the first findings to connect heart
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Introduction
Although there are well-defined risk factors for cardiovascular diseases (CVD) (elevated blood
levels of cholesterol, hypertension, diabetes mellitus, smoking etc.) [1], they cannot explain the
full scope of variability in presentation and prognosis. Therefore, significance of bidirectional
relationship between psychological, neurological and autonomic nervous factors and heart dis-
eases is becoming more recognized [2].
Large case control studies, such as the INTERHEART study, have shown psychosocial
stressors are related to higher risk of heart diseases such as acute myocardial infarction (AMI)
[3]. Also, connection of CVD, especially AMI, and mood disorders, primarily depression, has
been well documented [4–6]. Even cognitive decline can be attributed to CVD since it is signif-
icantly faster in elderly patients with heart failure and EEG studies have shown changes similar
to those in Alzheimer’s disease [7]. While these and many other studies show the epidemiolog-
ical link of CVD and brain-related disorders in clinical settings, there are only a limited num-
ber of experimental studies in animal models exploring the influence of CVD and AMI on
brain function.
So far, experimental studies in rodents have shown that acute damage to the myocardium,
causes neuronal death, affective disorders and disruption of the circadian rhythm. Namely,
within 72 hours of AMI onset there is neuronal loss in the central nervous system (CNS), most
importantly in the lymbic system, hypothalamus and brainstem [8,9]. Further, depression
onset after AMI was corroborated by studies in rats looking at behavioral signs of anhedonia
and despair 2 weeks post AMI that can be reversed by antidepressants [10–12]. Exploring
sleep-related disturbances in rats two weeks post AMI revealed decreased slow wave sleep and
decreased latency to rapid eye movement (REM) sleep onset previously recognized in patients
with depression [12]. Finally, autonomic disturbance with sympathetic overdrive was detected
by heart rate variability (HRV) analysis in the quiet sleep (QS) stages and can account for
some of the sudden cardiac deaths occurring due to arrhythmias in the late faze post AMI [13].
All of the above-mentioned studies focus on changes during the chronic faze post AMI, and
we are currently lacking in literature exploring the imminent faze of ischemia onset.
Also, there have been no studies examining the effects of AMI on cortical areas known to
be involved in cardiovascular regulation: the insular cortex (IC) [14–16] and the medial PFC
[17–19]. The medial PFC is considered as more involved in higher brain functions: executive
control, memory, decision making, social interactions etc. However, its effects on heart regula-
tion have recently become more recognized [20]. If found, perturbations in function of the
medial PFC caused by AMI could provide the next step in understanding the effect of heart
disease on higher brain functions. A possible way to assess the activity of medial PFC neurons
is electrocorticograhy (ECoG): a method of signal acquisition using electrodes implanted
directly on the brain surface [21]. This method enables us to follow the changes in neuronal
activity in real-time during the acute faze of AMI in parallel with ECG monitoring. In explor-
ing the connection of medial PFC function and heart disease we used the experimental model
of isoprenaline induced AMI. Isoprenaline is a peripherally acting beta-adrenergic agonist
with short plasma half-life known for its cardiostimulatory and bronchodilatatory effects and
the isoprenaline model is a well-established model of AMI [22].
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Our hypothesis is that ECoG recordings over the medial PFC can reveal changes in bioelec-
trical brain activity furthering understanding the influence of AMI on cortical function. There-
fore, the aim of this study was to assess spectral characteristics of rat ECoG signal registered
over medial PFC during isoprenaline-induced AMI in rats.
Materials and methods
Animals
All experimental procedures were in full compliance with the European Council Directive
(2010/63/EU) and approved by the Ethical Committee of Belgrade University Faculty of Medi-
cine and national ethical body for animal welfare (Permissions No 4455/2 and No 323-07-
08097/1/2018-05). All surgery was performed under sodium pentobarbital anesthesia, and all
efforts were made to minimize suffering. Adult male Wistar albino rats (2 months old, 200–
230 g body weight (b. w.)) were used in the study (obtained from the Military Medical Acad-
emy Breeding Laboratory, Belgrade, Serbia). The animals were housed in transparent plastic
cages with ad libitum access to food and water. They were kept in a sound-attenuated chamber
under controlled ambient conditions (22–23˚C, 50–60% relative humidity, 12/12 h light/dark
cycle with light switched on at 8 a.m.) and habituated to handling. The acclimatization period
lasted for 7 days.
Electrodes placement for EEG and ECG registration
The rats were anesthetized with pentobarbital sodium (50 mg/kg, i.p.). One gold-plated
recording electrode was implanted over the frontal cortex in a stereotaxic apparatus. Dental
acrylic cement was used to fix this system to the skull. Animals had a recovery period of one
week prior to further experiments. A 24-h-long habituation to the recording situation was also
applied.
One day before ECG recording, the dorsal thoracic region of each animal was carefully
shaved. A custom-made elastic cotton jacket was developed to fit the rat’s mean thoracic cir-
cumference. Two holter electrodes with adhesive gel were attached on the skin of the rat for
ECG recording, with each electrode being connected to a cable, long enough to reach the
acquisition system. The rat was then placed in the jacket fixing the electrodes in place. A 24-h-
long habituation to the recording situation was applied.
AMI induction
In order to secure scientific and statistical validity of this exploratory study, present sample
size (n = 12), i.e. number of animals in the groups (n = 6), has been determined according to
sample size method of “rescue equitation” analysis [23, 24]. A power analysis shows that the
current sample size has an 80% power to detect an effect size of 20% assuming a 5% signifi-
cance level and a two-sided test. Animals were randomly divided into two equal groups: exper-
imental (n = 6) and control group (n = 6). In the experimental group induction of AMI was
performed through intraperitoneal administration of isoprenaline (isoproterenol hydrochlo-
ride, Sigma Aldrich, USA) at a dose of 150 mg/kg diluted in 2 ml of saline. The control group
was injected with 2ml of isotonic saline.
Data acquisition
Simultaneous data acquisition of ECoG and ECG signals was performed by an EEG amplifier
(RIZ, Zagreb, Croatia). The cutoff frequencies of analog filters were set to 0.3 Hz and 100 Hz
for the high-pass and low-pass filters, respectively. Notch filter at 50-Hz, for removing the
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ambient noise, was also applied. Signals were digitized using a 16-bit NI-SCB-68 data acquisi-
tion card (National Instruments, Austin, Texas, USA). A sampling frequency was set to 512
Hz. Data acquisition and signal processing were performed using a custom made application
NeuroSciLaBG developed in NI LabVIEW software package (National Instruments, Austin,
Texas, USA). ECoG and ECG signals were recorded in freely moving rats during a five-hour
recording session in the first day (one hour before and four hours after infarction induction)
and one hour in the second day (24h after isoprenaline administration). This is illustrated in
Fig 1 with denominated periods referred to in the rest of the manuscript. Signal traces were
visually inspected and analyzed during subsequent offline analysis.
Heart tissue sampling and histopathological evaluation
Twenty-four hours after the intraperitoneal injection, the rats were anesthetized with pento-
barbital sodium (50 mg/kg, i.p.). The thorax was accessed by an inverted T incision and the
heart released by cutting the great vessels of the corona cordis. Hearts were removed from the
rat body, fixed in 10% buffered formalin, dehydrated in ethanol, cleared in xylene, and embed-
ded in paraffin. Five μm thick sections were subjected to routine staining with hematoxylin
and eosin (HE) and examined under the OlympusBX41 light microscope with Olympus-
C5060A-ADU digital camera.
Data processing
Continuous EEG data was segmented into non-overlapping 60 second epochs. Segmented
data was automatically scanned for determining epochs contaminated with noise. All epochs
exceeding 500 μV thresholds were marked as noisy and rejected from further analysis. The rest
of the data was visually inspected for artifacts and further epoch-exclusions were applied when
necessary. For visual inspection EEG signals’ Power Spectrograms were calculated using Short
time Fourier Transform. Parameters for Spectrogram calculation were: window width of 2 sec-
onds, window overlap of 0.5 seconds and Hann window function. Representative Power Spec-
trogram of the rat XX is presented in Fig 2, panel (A).
Band-power time curves for each rat were calculated as the mean power value of the Spec-
trogram data in the 4 predefined frequency bands: delta (0.5–4 Hz), theta (4–7 Hz), alpha (7–
13 Hz) and beta (13–35 Hz). Representative band-power time curves calculated for the spec-
trogram data of rat xx are presented in Fig 2, panel (B).
For further analysis, The EEG data was segmented into four time windows (as shown in Fig
1): 1) baseline (B), 2) first hour of data acquisition after AMI induction (H1), 3) second to
fourth hours after AMI induction (D1), 4) 24h after isoprenaline administration (D2).
Median value of band power for each animal, time window and frequency band were
calculated.
Additionally, the EEG epoch peak frequency for each frequency band of interest was
defined as a frequency value (Hz) for which the maximum value of the Power spectral density
estimate appears within the predefined frequency band limits. The Power spectral density esti-
mate for each epoch was obtained by using Welch algorithm on raw EEG data epochs of 1 sec-
ond duration. For each animal and time window (B, H1, D1 and D2) we evaluated the median
peak frequency, by calculating the median over peak-frequency values of all non-overlapping 1
second epochs within each time window (B, H1, D1 and D2).
Continuous ECG recordings were inspected offline for determination of ST elevation over
the course of experiments (time windows B, H1, D1 and D2). Peak ST segment elevation
amplitude was determined for each rat in the group according to previously reported study of
isoprenaline-induced AMI [25, 26].
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Relationship between relative change of median power for total and each EEG frequency
band in time windows H1, D1 and D2 versus B (determined as (X-B)/B, where X = H1, D1 or
D2) to ST elevation has been investigated by correlation statistics.
Statistical analysis
Statistical analysis was conducted to compare median band-power values and median peak-
frequency values of 4 time-windows of interest.
Fig 1. Graphical representation of acquisition setup and timeline. A) Data acquisition setup B) Data acquisition timeline:
E–montage of ECG electrodes, B–baseline, H1 –first hour of data acquisition after infarction induction, D1 –second to
fourth hours of data acquisition after infarction induction, D2 –one hour of data acquisition in the second day (24h after
isoprenaline administration).
https://doi.org/10.1371/journal.pone.0232530.g001
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Wilcoxon’s signed rank test was performed for pairwise comparison between time-win-
dows of interest for each power band. Pearson correlation coefficient was computed to assess
the relationship between ST elevation and EEG-derived variables. The significance threshold
was set to 0.05.
Results
Spectral power
Results of the median power analysis in 4 time-windows for the experimental group is pre-
sented in Fig 3.
Statistically significant differences (p<0.05) in median band-power (over all animals) were
found in theta, alpha and beta frequency bands. For theta band a statistically significant power
difference was found between B and H (p<0.05, Fig 3B); for alpha band between B and D1
(p<0.05, Fig 3C); and for beta band between B and H1, and B and D1 (p<0.05, Fig 3D). The
observed differences imply significant increase of median band power compared to the base-
line, over all animals, in the first hour after isoprenaline administration for theta band, rest of
the day 1 for alpha band and both time intervals of day 1 for beta band. No statistically signifi-
cant differences were found between baseline activity and activity in day 2 for any of the fre-
quency bands, indicating that the obtained differences in time-windows of day 1 were short
term effects associated with isoprenaline administration.
Results of the band peak-frequency analysis of the 4 time-windows revealed statistically sig-
nificant differences of theta band peak frequency. Results of band peak-frequency analysis for
theta band are presented in Fig 3F. The results showed significant increase of median theta
peak frequency in the first hour after isoprenaline administration compared to the baseline.
This effect is not present during the rest of the day1 and day2 windows in which the theta peak
Fig 2. Representative spectrogram and band power graphs. Spectrogram (A, B) and corresponding power changes in delta, theta, alpha and beta frequency bands (C,
D) during 4 time-windows for one animal in the control group (left) and experimental group (right).
https://doi.org/10.1371/journal.pone.0232530.g002
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frequency did not differ significantly from the baseline. No differences were found in peak fre-
quency analysis in the remaining frequency bands.
No differences in median band power were found in any of the observed time-windows in
the control group (Fig 4).
Fig 3. Median power changes per frequency band for the experimental group. Median power of delta (A), theta (B), alpha (C) and beta band (D) and total median
power (E). Peak frequency for theta band (F). �p<0.05.
https://doi.org/10.1371/journal.pone.0232530.g003
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ECG registration
ECG recordings in baseline conditions in both experimental and control group revealed no
abnormalities in ECG wave morphology and dynamics. However, ST elevation was noted in
the experimental and not the control group after 14 minutes and lasted until the end of the
first day (representative ECG trace containing ST elevation in Fig 5).
Fig 4. Median power changes per frequency band for the control group. Median power of delta (A), theta (B), alpha (C) and beta band (D) and total median power
(E). Peak frequency for theta band (F). �p<0.05.
https://doi.org/10.1371/journal.pone.0232530.g004
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AMI verification
ST elevation was observed in the experimental group approximately 14 minutes after isoprena-
line administration. This was the early marker used to confirm successful AMI induction.
Histological analysis was used as the definitive method in establishing the successfulness of
AMI induction. It was performed 24 hours after isoprenaline administration. The slides
Fig 5. ECG and histological changes after isoprenaline administration. (A) Normal ECG trace, (B) ECG containing
ST elevation, (C) Histological changes in the myocardial wall 24 hours after i.p. application of isoprenaline. In the
central part of the picture we can notice necrotic cells with hyper-eosinophilia, pyknotic nuclei, and inflammatory cell
infiltration (arrow). The ischemic area is surrounded by viable myocardial cells.
https://doi.org/10.1371/journal.pone.0232530.g005
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revealed ischemic injury in the myocardial wall 24 hours after application of isoprenaline in all
the rat hearts, while there were no changes in the myocardium of the control (saline treated)
group. Ischemic injury is characterized by presence of necrotic myocardium with an interface
of inflammation. In Fig 5 we can see a necrotic area with hyper-eosinophilia, pyknotic nuclei,
and inflammatory cells infiltration.
Correlation analysis
A Pearson correlation coefficient was computed to assess the relationship between the ST ele-
vation and relative change of median power for total and each EEG frequency band (delta,
theta, alpha and beta) in time windows H1, D1 and D2 in relation to B and scatterplots of sta-
tistically significant outcomes were depicted in Fig 6. There was a strong positive correlation
between the ST elevation amplitude and relative change in alpha power in D1 (r = 0.85,
p<0.05, Fig 6A). Also, relative change in beta power in H1 (r = 0.86, p<0.05, Fig 6B) and D1
(r = 0.90, p<0.05, Fig 6C) strongly correlated with ST elevation. Relative change in power of
other frequency bands and total power in relation to power in B were not significantly corre-
lated with ST elevation in any time window (r in range from 0.31 to 0.62, p>0.05).
Discussion
Main findings
In our current study, we used a model of AMI induced by intraperitoneal injection of isopren-
aline (150 mg/kg). Onset of ischemia and necrosis was detected by ST segment elevation and
infarction was confirmed by histologic examination of the myocardium for each animal in the
study. This model of AMI was previously extensively validated for its construct validity in both
functional and morphological aspects [22].
Our results have shown that experimentally-induced AMI affects cortical EEG recordings
over the medial PFC as follows: 1) Beta band power was significantly increased both in the first
hour (H1) as well as in the second to fourth hours (D1); 2) Theta band power was significantly
increased in the first hour (H1); 3) Alpha band power was significantly increased between the
second and fourth hours of recording; 4) All changes in band spectral power reversed to base-
line levels in the recording made after 24hours; 5) Alpha and Beta band power changes were in
Fig 6. Correlation between ST elevation and EEG-derived variables. According to Pearson correlation analysis, there were a strong positive correlation between the
ST elevation amplitude and: relative change in alpha power in D1 (A); beta power in H1 (B) and D1 (C) versus B time window. For details see caption to Figs 1 and 2.
https://doi.org/10.1371/journal.pone.0232530.g006
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significant correlation to the magnitude of ST elevation, which was used as a marker of infarct
size, while theta band changes did not show statistically significant correlation.
This is, to the best of our knowledge, the first study to show the effect of isoprenaline-
induced AMI on cortical EEG recordings and its dynamics.
Medial PFC
It has been known for a long time that the medial PFC plays a major role in regulation of emo-
tion, cognition, and executive functioning [27–30]. Studies in rodents have established medial
PFC as one of key regions for regulation of the stress response and development of anxiety
states [31].
The medial PFC also lies at the crux of cortical regulation of visceral functions and was
even called the "visceral motor cortex" [32]. Functional studies involving stimulation/lessoning
of medial PFC sub regions have worked out in detail the autonomic effects evoked from this
region: respiratory frequency (phrenic nerve discharge frequency), cardiovascular (heart rate
and arterial pressure) and metabolic rate are all significantly affected, showing the intimate
connection of affective and emotional states with autonomic control provided by the medial
PFC as an integrative “command” center connecting both autonomic and executive functions
[33–35].
Also, epidemiological studies have shown that atherosclerosis, atrial fibrillation and heart
failure lead to increased risk for dementia and that even subclinical decrease of cardiac output
can lead to issues with cognitive function [36,37].
The results of previous studies could be ascribed to disturbances in medial PFC function
and changes in EEG spectral power shown in our study make a step forward in connecting
heart damage and medial PFC bioelectrical activity.
What changes in EEG beta band power could tell us?
Higher frequencies of the EEG spectrum, such as beta frequency, increase in power during
states of arousal [38, 39]. On the other hand, increases in beta power could also be induced by
impaired emotional control and anxiety states [40, 41]. On a structural level, it was shown
there is remodeling of neuronal networks in the medial PFC under the influence of stress [42].
Furthermore, according to findings of Banozic et al., anxiety like behavior can be demon-
strated in a model of AMI [11]. In our current study the increase in beta band power was
already significant during the first hour (H1) and remained increased during the whole four
hours (D1) after isoprenaline administration. In light of this, the increase in beta frequency
power observed in our study, could be related to the anxiety and arousal caused by necrosis/
pain that occurs during AMI.
What changes in EEG theta band power could tell us?
In light of related literature, the increase of theta band power recorded during our experiment
could be linked to pain perception as well as anxiety which are both known to occur during
AMI. There have been several studies in rodents focusing on the signature of pain in EEG
recordings. A study by Le Blanc et al (2016) [43], focused on acute, inflammatory and neuro-
pathic forms of pain and their effects on the PFC EEG signal. It was shown there is an increase
in EEG spectral power over the PFC in all forms of pain studied [44]. Moreover, acute somato-
sensory pain showed an increase in theta band EEG power over S1. Increased PFC theta band
power was also detected when rats with induced chronic neuropathic pain were faced with
anxiogenic stimuli [45]. It is of note that cardiac pain occurring during AMI is a form of acute
visceral pain known to cause significant anxiety. Indeed, prior research has implicated visceral
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pain as a cause of anxiety states [46]. On the other hand, there have been no prior reports
regarding the EEG signature of visceral pain. Knowing that heart afferents connect to the PFC
we may hypothesize that increase in theta power observed relates to the perception of visceral
pain, and together with increased beta power, increased anxiety occurring during isoprenaline
induced AMI.
What changes in EEG alpha band power could tell us?
Previous studies correlated the increase in cortical alpha power with mental states of focused
internal attention and cognitive effort [47]. Heightened alpha activity was also implicated in
basic (memory, attention) as well as advanced cognitive functions (convergent and divergent
thinking) [48–50]. Increase of alpha band power during D1 period found in our study may
denote increased attention and cognitive vigilance. Thus, in light of these findings revealed by
others neural signaling from intrinsic heart afferents stimulated by necrosis during isoprena-
line-induced AMI could be manifested as increased focused attention- a favorable state for
reaction of organism to imminent danger.
Correlation of EEG changes with ST elevation and potential explanations
We correlated peak ST- segment elevation with the changes in the power spectrum. ST seg-
ment elevation represents the potential difference between ischemic and non-ischemic zones
of myocardium caused by loss of cell membrane function in ischemic areas [26]. The magni-
tude of ST elevation is used as a marker for the size of myocardial infarction [25]. Potential
mechanisms explaining the observed changes in EEG power of canonical band and the corre-
lation with the magnitude of ST elevation in our current study are multiple but can be sepa-
rated into two main segments: neural mechanisms and humoral mechanisms. The speed by
which the change in EEG power follows onset of ischemia strongly implies a neural mecha-
nism although humoral factors cannot be excluded. Namely, it is known that afferent inputs
from the heart neural circuits are implicated in modulation of the CNS functions even under
physiologic conditions [51]. Mechanical and hormonal information is transduced into nerve
impulses by sensory neurons in the heart before being processed [52] and then sent to the CNS
via the vagous nerve and dorsal columns spanning all the way to the medial PFC [53]. Also,
the size of the ischemic area, as represented by magnitude of ST elevation influences the num-
ber of nervous fibers involved in signaling possibly explaining the correlation we observed.
These anatomical connections represent a direct heart-brain axis neural link potentially
explaining the EEG changes observed in our study.
Limitations
We used the experimental model of isoprenaline induced AMI which is verified as a robust
model widely used in different preclinical animal research and cited in other publications in
this and other journals [22, 23, 54, 55]. We confirmed the occurrence of AMI by functional
tests (ST segment analysis) and histological verification of myocardial necrosis. There is, how-
ever, a concern that isoprenaline itself could affect cortical EEG activity. This probability is
lessened by highly hydrophilic structure of isoprenaline making it difficult to cross the blood
brain barrier (BBB) [56]. Indeed, previous research of isoprenaline pharmacokinetics revealed
a very low extraction in brain tissue, that can be attributed only to areas of brain devoid of the
BBB [56]. The mPFC is a structure with an intact BBB making it probably very difficult for iso-
prenaline to have a significant direct effect. Moreover, isoprenaline has a very short plasma
half-life of 2–4 minutes due to fast degradation by monoamine oxidase (MAO) and catechol-
O-methyltransferase (COMT) enzymes [57] Additionally it does not bind to tissues and most
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of its presence is gone after 10 minutes [58]. Therefore, the early effect observed (1 hour) after
the injection is also unlikely to be solely the effect of isoprenaline. In addition, some papers
[59,60] indicate that isoprenaline has modulatory effects on the BBB. These effects of isoprena-
line on the BBB are mediated by adrenergic receptors that are also stimulated by endogenous
substances (adrenaline, noradrenalin etc.) secreted during the natural course of AMI. On the
other hand, the indirect effects of peripheral beta receptor activation by isoprenaline on corti-
cal activity cannot be excluded. However, increased sympathetic activity and adrenaline release
due to myocardial necrosis is a hallmark of the natural course of acute myocardial infarction.
Endogenous secretion also effects peripheral beta receptors thus causing similar effects to iso-
prenaline bringing this model somewhat closer to the naturally occurring phenomenon [55].
In our current study, we focused on changes in the EEG perceived during the acute faze
post isoprenaline- induced AMI. However, we cannot exclude changes that could be found
using longer recording periods. The use of the coronary artery ligation model of AMI was not
an option for examining imminent effects of AMI in freely moving rats. Namely, the coronary
artery ligation model of AMI has its advantages, but an important limitation is related to the
extensive surgery necessary for establishing AMI and the use of general anesthesia. Myocardial
ischemia starts before the end of the operation and even more time is necessary for the anes-
thetic to be metabolized upon sternum closing. This creates important biases concerning qual-
itative changes in EEG activity during the acute faze that use of a sham operated control group
cannot reliably exclude. Our results contribute to further characterization of isoprenaline-
model of AMI in conscious free-moving rats. Additionally, further research is feasible in other
experimental models and in chronic faze of AMI. Future studies may include coronary artery
ligation model of AMI with control group including thoracotomy without coronary occlusion.
Finally, we observed the natural course of AMI, without any interventions aiming to modify
it. In the era of primary PCI (percutaneous coronary intervention) the natural course of AMI
has dramatically changed from sudden cardiac death in favor of developing chronic heart fail-
ure (CHF) after (often multiple) AMI. Thus, further research of the heart brain connection is
necessary on different, chronic heart disease models that would give us more insight into
human morbidity in the primary PCI era.
Conclusion
Our results demonstrate significant increases in median band power of beta, theta and alpha
bands during experimental isoprenaline—induced model of AMI. Our results imply an influ-
ence of isoprenaline induced AMI on medial PFC activity possibly creating a heightened state
of interoception which interrelates sensory, emotional and even cognitive states. These are the
first findings to connect heart damage during AMI to disturbances in cortical bioelectrical
activity.
Author Contributions
Conceptualization: Marko Vorkapić, Andrej Savić, Milica Janković, Dragan Hrnčić.
Data curation: Marko Vorkapić, Andrej Savić, Milica Janković, Nemanja Useinović, Milica
Isaković, Nela Pusˇkasˇ, Olivera Stanojlović, Dragan Hrnčić.
Formal analysis: Marko Vorkapić, Milica Isaković.
Methodology: Andrej Savić, Milica Janković, Nemanja Useinović, Dragan Hrnčić.
Supervision: Milica Janković, Olivera Stanojlović, Dragan Hrnčić.
PLOS ONE Myocardial infarction and brain bioelectrical activity
PLOS ONE | https://doi.org/10.1371/journal.pone.0232530 May 8, 2020 13 / 16
Writing – original draft: Marko Vorkapić, Andrej Savić, Milica Janković, Nela Pusˇkasˇ, Oli-
vera Stanojlović, Dragan Hrnčić.
References
1. Yusuf S, Reddy S, Ounpuu S, Anand S. Global burden of cardiovascular diseases: part II: variations in
cardiovascular disease by specific ethnic groups and geographic regions and prevention strategies. Cir-
culation 2001; 104:2855–22864. https://doi.org/10.1161/hc4701.099488 PMID: 11733407
2. Khayyam-Nekouei Z, Neshatdoost H, Yousefy A, Sadeghi M, Manshaee G. Psychological factors and
coronary heart disease. ARYA Atherosclerosis. 2013; 9(1):102–111. PMID: 23690809
3. Rosengren A1, Hawken S, Ounpuu S, Sliwa K, Zubaid M, Almahmeed WA, et al. Association of psycho-
social risk factors with risk of acute myocardial infarction in 11119 cases and 13648 controls from 52
countries (the INTERHEART study): case–control study. Lancet, 2004; 364: 953–962. https://doi.org/
10.1016/S0140-6736(04)17019-0 PMID: 15364186
4. Pozuelo L, Tesar G, Zhang J, Penn M, Franco K, Jiang W. Depression and heart disease: what do we
know, and where are we headed? Cleve Clin J Med 2009; 76:59–70. https://doi.org/10.3949/ccjm.75a.
08011 PMID: 19122112
5. Frasure-Smith N, Lespe´rance F. Depression and cardiac risk: present status and future directions.
Postgrad Med J 2010; 86: 193–196. https://doi.org/10.1136/hrt.2009.186957 PMID: 20354040
6. Pratt LA, Ford DE, Crum RM, Armenian HK, Gallo JJ, Eaton WW. Depression, psychotropic medication,
and risk of myocardial infarction. Prospective data from the Baltimore ECA follow-up. Circulation 1996;
94: 3123–3129. https://doi.org/10.1161/01.cir.94.12.3123 PMID: 8989119
7. van der Wall EE. Left ventricular function plays a role in cognitive ageing. Neth Heart J. 2011; 19: 447–
448. https://doi.org/10.1007/s12471-011-0205-2 PMID: 21989505
8. Wann BP, Boucher M, Kaloustian S, Nim S, Godbout R, Rousseau G. Apoptosis detected in the amyg-
dala following myocardial infarction in the rat. Biol Psychiatry. 2006; 59: 430–433. https://doi.org/10.
1016/j.biopsych.2005.07.018 PMID: 16202395
9. Wann BP, Bah TM, Boucher M, Courtemanche J, Le Marec N, Rousseau G et al. Vulnerability for apo-
ptosis in the limbic system after myocardial infarction in rats: a possible model for human postinfarct
major depression. J Psychiatry Neurosci. 2007; 32: 11–16. PMID: 17245469
10. Wann BP, Bah TM, Kaloustian S, Boucher M, Dufort AM, Le Marec N, et al. Behavioural signs of
depression and apoptosis in the limbic system following myocardial infarction: effects of sertraline. J
Psychopharmacol. 2009; 23: 451–459 https://doi.org/10.1177/0269881108089820 PMID: 18562428
11. Banozic A, Grkovic I, Puljak L, Sapunar D, Behavioral Changes Following Experimentally-Induced
Acute Myocardial Infarction in Rats, Int Heart J, 2014; 55 (2): 169–177 https://doi.org/10.1536/ihj.13-
275 PMID: 24632959
12. Bah TM, Laplante F, Wann BP, Sullivan R, Rousseau G, Godbout R. Paradoxical Sleep Insomnia and
Decreased Cholinergic Neurons After Myocardial Infarction in Rats. Sleep. 2010; 33(12): 1703–1710.
https://doi.org/10.1093/sleep/33.12.1703 PMID: 21120151
13. Lin WL, Lo LW, Chen HR, Lai CT, Yamada S, Liu SHet al. Sleep-related changes in cardiovascular
autonomic regulation in left coronary artery ligation rats: Neural mechanism facilitating arrhythmia after
myocardial infarction, Int J Cardiol, 2016; 225: 65–72 https://doi.org/10.1016/j.ijcard.2016.09.121
PMID: 27710806
14. Verberne AJ, Owens NC. Cortical modulation of the cardiovascular system. Prog Neurobiol 1998; 54:
149–168. https://doi.org/10.1016/s0301-0082(97)00056-7 PMID: 9481796
15. Tokgozoglu SL, Batur MK, Topcuoglu MA, Saribas O, Kes S, Oto A. Effects of stroke localization on car-
diac autonomic balance and sudden death. Stroke 1999; 30: 1307. https://doi.org/10.1161/01.str.30.7.
1307 PMID: 10390300
16. Oppenheimer SM, Cechetto DF. Cardiac chronotropic organization of the rat insular cortex. Brain Res
1990; 533: 66–72 https://doi.org/10.1016/0006-8993(90)91796-j PMID: 2085734
17. Cerqueira JJ, Almeida OFX, Sousa N. The stressed prefrontal cortex. Left? Right! Brain Behav Immun
2008; 22: 630–638. https://doi.org/10.1016/j.bbi.2008.01.005 PMID: 18281193
18. Tavares RF, Corrêa FM, Resstel LBM. Opposite role of infralimbic and prelimbic cortex in the tachycar-
diac response evoked by acute restraint stress in rats. J Neurosci Res 2009; 87: 2601–2607. https://doi.
org/10.1002/jnr.22070 PMID: 19326445
19. Hilz MJ, Devinsky O, Szczepanska H, Borod JC, Marthol H, Tutaj M. Right ventromedial prefrontal
lesions result in paradoxical cardiovascular activation with emotional stimuli. Brain 2006; 129: 3343–55
https://doi.org/10.1093/brain/awl299 PMID: 17082198
PLOS ONE Myocardial infarction and brain bioelectrical activity
PLOS ONE | https://doi.org/10.1371/journal.pone.0232530 May 8, 2020 14 / 16
20. Resstel LBM, Corrêa FM. Involvement of the medial prefrontal cortex in central cardiovascular modula-
tion in the rat. Auton Neurosci 2006; 127: 130–138.
21. Keene D.L., Whiting S., Ventureyra E.C.G. Electrocorticography. Epileptic Dis. 2000; 2(1): 57–64.
22. Filho L, Ferreira H, Sousa L, Carvalho RB, Lobo ER, Dantas PL, et al. Experimental model of myocar-
dial infarction induced by isoproterenol in rats. Rev Bras Cir Cardiovasc, 2011; 26: 469–476. https://doi.
org/10.5935/1678-9741.20110024 PMID: 22086586
23. Charan J, Biswas T. How to calculate sample size for different study designs in medical research?
Indian J Psychol Med 2013; 35:121–6 https://doi.org/10.4103/0253-7176.116232 PMID: 24049221
24. Festing MFW, Altman DGGuidelines for the Design and Statistical Analysis of Experiments Using Labo-
ratory Animals. ILAR Journal. 2002; 43(4): 244–258. https://doi.org/10.1093/ilar.43.4.244 PMID:
12391400
25. Li H, Xie YH, Yang Q, et al. Cardioprotective effect of paeonol and danshensu combination on isoproter-
enol-induced myocardial injury in rats. PLoS One. 2012; 7(11):e48872. https://doi.org/10.1371/journal.
pone.0048872 PMID: 23139821
26. Yadav CH, Akhtar M, Khanam RIsoproterenol toxicity induced ECG alterations in wistar rats: Role of
histamine H3 receptor agonist imetit. Int J Pharm Pharm Sci, 2014; 6: 654–658.
27. Miller EK The prefrontal cortex and cognitive control. Nat Rev Neurosci. 2000; 1: 59–65. https://doi.org/
10.1038/35036228 PMID: 11252769
28. Miller EK & Cohen JD An integrative theory of prefrontal cortex function. Annu Rev Neurosci. 2001; 24:
167–202 https://doi.org/10.1146/annurev.neuro.24.1.167 PMID: 11283309
29. Kane MJ & Engle RWThe role of prefrontal cortex in working-memory capacity, executive attention, and
general fluid intelligence: an individual-differences perspective. Psychon Bull Rev. 2002; 9: 637–671.
https://doi.org/10.3758/bf03196323 PMID: 12613671
30. Etkin A, Egner T & Kalisch R. Emotional processing in anterior cingulate and medial prefrontal cortex.
Trends Cogn Sci. 2011; 15: 85–93. https://doi.org/10.1016/j.tics.2010.11.004 PMID: 21167765
31. Padilla-Coreano N, Bolkan SS, Pierce GM, Blackman DR3, Hardin WD4, Garcia-Garcia ALet al. Direct
ventral hippocampal-prefrontal input is required for anxiety-related neural activity and behavior. Neuron.
2016; 89(4): 857–866. https://doi.org/10.1016/j.neuron.2016.01.011 PMID: 26853301
32. Neafsey EJPrefrontal cortical control of the autonomic nervous system: anatomical and physiological
observations. Prog Brain Res. 1990; 85: 147–165 https://doi.org/10.1016/s0079-6123(08)62679-5
PMID: 2094892
33. Owens NC & Verberne AJRegional hemodynamic responses to activation of the medial prefrontal cor-
tex depressor region. Brain Res. 2001; 919: 221–231. https://doi.org/10.1016/s0006-8993(01)03017-7
PMID: 11701134
34. Resstel LB & Correa FM Involvement of the medial prefrontal cortex in central cardiovascular modula-
tion in the rat. Auton Neurosci. 2006; 126,: 130–138 https://doi.org/10.1016/j.autneu.2006.02.022
PMID: 16603420
35. Hassan SF, Cornish JL, Goodchild AK. Respiratory, metabolic and cardiac functions are altered by dis-
inhibition of subregions of the medial prefrontal cortex. The J of Phys. 2013; 591(23): 6069–6088.
36. Ritz K, van Buchem MA, Daemen MJ. The heart-brain connection: mechanistic insights and models.
Netherlands Heart Journal. 2013; 21(2): 55–57. https://doi.org/10.1007/s12471-012-0348-9 PMID:
23179612
37. Jefferson AL, Himali JJ, Au R, Seshadri S, Decarli C, O’Donnell CJ et al. Relation of left ventricular ejec-
tion fraction to cognitive aging (from the Framingham heart study) Am J Cardiol. 2011; 108: 1346–51
https://doi.org/10.1016/j.amjcard.2011.06.056 PMID: 21880293
38. Foster P.S., Harrisson D.W. The relationship between magnitude of cerebral activation and intensity of
emotional arousal. Int J Neurosci. 2002; 112: 1463–1477. https://doi.org/10.1080/00207450290158359
PMID: 12652898
39. Vazquez Marrufo M, Vaquero E, Cardoso MJ, Gomez CM. Temporal evolution of alpha and beta bands
during visual spatial attention. Brain Res Cogn Brain Res. 2001; 12: 315–320. https://doi.org/10.1016/
s0926-6410(01)00025-8 PMID: 11587900
40. Adhikari A, Topiwala MA, Gordon JA. Single units in the medial prefrontal cortex with anxiety-related fir-
ing patterns are preferentially influenced by ventral hippocampal activity. Neuron. 2011; 71(5): 898–
910. https://doi.org/10.1016/j.neuron.2011.07.027 PMID: 21903082
41. Li H, Zhao Q, Huang F, Cao Q, Qian Q, Johnstone S.J. et al. Increased Beta Activity Links to Impaired
Emotional Control in ADHD Adults With High IQ. J Atten Disord, 2017; 21: 754–764.
PLOS ONE Myocardial infarction and brain bioelectrical activity
PLOS ONE | https://doi.org/10.1371/journal.pone.0232530 May 8, 2020 15 / 16
42. Holmes A & Wellman CL Stress-induced prefrontal reorganization and executive dysfunction in rodents.
Neurosci Biobehav Rev. 2009; 33: 773–783 https://doi.org/10.1016/j.neubiorev.2008.11.005 PMID:
19111570
43. LeBlanc BW, Bowary PM, Chao YC, Lii TR, & Saab CY. Electroencephalographic signatures of pain
and analgesia in rats. PAIN. 2016; 157(10): 2330–2340. https://doi.org/10.1097/j.pain.
0000000000000652 PMID: 27347647
44. LeBlanc BW, Lii TR, Silverman AE, Alleyne RT, Saab CY. Cortical theta is increased while thalamocorti-
cal coherence is decreased in rat models of acute and chronic pain. Pain, 2014; 155(4):773–782.
https://doi.org/10.1016/j.pain.2014.01.013 PMID: 24457192
45. Sang K, Bao C, Xin Y, Hu S, Gao X, Wang Y et al. Plastic change of prefrontal cortex mediates anxiety-
like behaviors associated with chronic pain in neuropathic rats. Molecular Pain. 2018; 14: 1–16
46. Finn DP, Leonard BE: Pain in Psychiatric Disorders. Mod Trends Pharmacopsychiatry. Basel, Karger,
2015; 30: 103–119
47. Benedek M, Schickel RJ, Jauk E, Fink A, Neubauer AC. Alpha power increases in right parietal cortex
reflects focused internal attention. Neuropsychologia. 2014; 56(100):393–400.
48. Klimesch W. Alpha-band oscillations, attentioon, and controlled access to stored information. Trends
Cogn Sci. 2012; 16: 606–617. https://doi.org/10.1016/j.tics.2012.10.007 PMID: 23141428
49. Fink A, Benedek M. The creative brain: Brain correlates underlying the generation of original ideas. In:
Vartanian O., Bristol A.S., Kaufman J.C., editors. Neuroscience of creativity. MIT Press; Cambridge,
MA: 2013. pp. 207–232.
50. Benedek M, Bergner S, Ko¨nen T, Fink A, Neubauer AC. EEG alpha synchronization is related to top-
down processing in convergent and divergent thinking. Neuropsychologia. 2011; 49:3505–3511 https://
doi.org/10.1016/j.neuropsychologia.2011.09.004 PMID: 21925520
51. Friedman B. H. An autonomic flexibility–neurovisceral integration model of anxiety and cardiac vagal
tone. Biological Psychology 2017; 74(2): 185–199.
52. Armour J A. Potential clinical relevance of the “little brain” on the mammalian heart. Exp. Physiol. 2008;
93: 165–176. https://doi.org/10.1113/expphysiol.2007.041178 PMID: 17981929
53. McCraty R. Coherence: bridging personal, social and global health. Act Nerve Super 2011; 53: 85–102
54. Siddiqui MA, Ahmad U, Khan AA, Mohammad A, Badruddeen A, Khalid M, et al. Isoprenaline: a tool for
inducing myocardial infarction in experimental animals. Int J Pharmacy. 2016; 6:138–144
55. Nichtova Z, Novotova M, Kralova E, Stankovicova T. Morphological and functional characteristics of
models of experimental myocardial injury induced by isoproterenol Gen. Physiol. Biophys. 2012;
31:141–151
56. Olesen J, Hougård K and Hertz M, Isoproterenol and propranolol: ability to cross the blood-brain barrier
and effects on cerebral circulation in man. Stroke. 1978; 9:344–349 https://doi.org/10.1161/01.str.9.4.
344 PMID: 209581
57. Hertring G. The fate of 3H-iso-proterenol in the rat. Biochem Pharmac. 1964; 13:1119–1128.
58. Conolly ME, Davies DS, Dollery CT, Morgan CD, Paterson JW, Sandler M. Metabolism of isoprenaline
in dog and man. Br J Pharmacol. 1972; 46(3):458–472. https://doi.org/10.1111/j.1476-5381.1972.
tb08143.x PMID: 4656607
59. Eriksson T, Carlsson A, Isoprenaline increases brain concentrations of administered l-dopa and l-trypto-
phan in the rat. Psychopharmacology, 1982; 77(1): 98–100. https://doi.org/10.1007/bf00436106 PMID:
6812125
60. Hutson PH, Knott PJ, Curzon G. Effect of isoprenaline infusion on the distribution of tryptophan, tyrosine
and isoleucine between brain and other tissues. Biochem Pharm, 1980; 29(4): 509–51. https://doi.org/
10.1016/0006-2952(80)90370-6 PMID: 7370048
PLOS ONE Myocardial infarction and brain bioelectrical activity
PLOS ONE | https://doi.org/10.1371/journal.pone.0232530 May 8, 2020 16 / 16
